Abstract-Industrial sludge is a by-product which is enormously generated in wastewater treatment plants. Constructed wetland for sludge treatment (CWST) is a low cost, effective technology. This study investigated the effect of various design and operation parameters on the efficiency of four pilot-scale CWSTs to determine the optimal parameters by using the Analytic Hierarchy Process (AHP) for DecisionMaking. The wetland units were planted with Phragmites australis or Typha angustifolia, operated with four sludge loading rate (SLR) (50, 60, 70 and 80 L/m2) and monitored in six different hydraulic retention time (HRT) (2,5,7,9,12 and 14 days). AHP results provided the optimal key parameters (vegetation of P. australis, 14-day HRT, SLR of 60 L/m2) which gave the most effective sludge treatment, reducing 99.8%, 95.16% and 98.23% for COD, TKN and TP, respectively. The results also showed that HRT, SLR and vegetation remarkably affected to the efficiency of CWST. In addition, AHP is an effective method to determine the optimal design and operation parameters of CWST.
INTRODUCTION
NDUSTRIAL sludge management has become a matter of concern because of three reasons: (i) Sludge is a by-product with enormous volume and not expected but inevitably generated in the wastewater treatment [1] . (ii) In the composition of the industrial sludge containing hazardous substances such as heavy metals [1] . (iii) The cost of sludge treatment is tremendous to a wastewater treatment plant, accounting for 40-60% of the total cost of the wastewater treatment plant [1] . Therefore, sludge becomes one of the major challenges for many countries in the world, it is necessary to have an alternative sludge treatment technology to ensure the performance and handling costs.
Constructed wetland for sludge treatment (CWST) derived from Constructed Wetland has been applied successfully for over twenty years [2] . Advantages of CWST are the treatment efficiency and economic (investment and operation cost). In addition, it is also known as a technology-friendly environment [3] . CWST consists of two main components, are available in nature: the filter material (sand, gravel...) and the vegetation; the majority of pollutants in sludge will be retained in CWST, and gradually be transformed into minerals, gas, another part is absorbed by plants, only a small I amount of pollutants are escaped CWST [4] . Some studies have demonstrated that the treatment efficiency of CWST based on the following factors: the objective factors (characteristics of sludge, climatic conditions) and subjective factors (filter material, vegetation, sludge loading rate, hydraulic retention time) [5, 6] . Therefore, it is necessary to determine the optimal parameters including vegetation, sludge loading rate (SLR), hydraulic retention time (HRT) to operate effectively according to the subjective factors.
Analytic Hierarchy Process (AHP) is one of the most widely used multiple criteria decision-making tool [7] that is also useful for selection of wastewater treatment process. AHP method combines both quantitative and qualitative information in order to convert them into a comparable value to rank the options on the basis of numerous criteria [8] . This study investigated the effect of various design and operation parameters on the efficiency of four pilot-scale CWSTs in order to determine the optimal design and operation parameters (including vegetation, SLR, HRT) by using the Analytic Hierarchy Process (AHP) for Decision-Making.
MATERIALS AND METHODS

System configuration
Four pilot-scale CWSTs were constructed in the open-air of the campus of Ho Chi Minh City University of Technology, VNU-HCM under the tropical climate. Each CWSTs unit consisted of the transparent acrylic (1.2 m length, 0.5 m width and 0.7 m depth), two aeration tubes, unplanted/ planted Typha latifolia or/and Phragmites australis (Fig 1) . The filter layers from the bottom to the top were composed of 15 cm of the gravel layer (D=70-100 mm), 15 cm of the fine gravel layer (D=5-10 mm) and 10 cm of the sand layer (D=0.5-2mm). Table 1 . In the first 100 days, the systems were fed with tap water and low SLR (below 20 kgTS/m2/yr) for bed layer stabilization and plant adaptation. Then they were operated officially in 60 days to apply four SLR from 50 L to 80 L of industrial sludge, respectively from 37 to 64 kgTS/m2/yr, each SLR was applied for 15 days (one day of feeding followed by 14 days of retention). 
This formula computed the sludge quantity (V) could be treated in a year (m 3 /yr), equal to SLR (m 3 ) × 365 (days)/ HRT (days).
2.3 Sampling, analytical methods and statistical analyses In 14 days retention of each SLR, samples of inlet sludge and outlet water drainage were taken and analyzed at the day 2,5,7,9,12 and 14 (These numbers accounted for HRT). Samples were collected with 500 ml polyethylene bottles and analyzed immediately in the sampling day or freezed at -18°C for later analysis. Total solids (TS), Chemical Oxygen Demand (COD), Total Kjeldahl Nitrogen (TKN) and Total Phosphorus (TP) were analyzed according to Standard Methods [9] .
One-way analysis of variance (ANOVA) was used to determine whether the significant differences between the SLRs or HRTs occurred on the quality of outlet water (COD, TKN and TP). Paired t-test (95% confidence level) was performed to examine the effect of vegetation on the pollutant removal. Excel 2016 (Microsoft Corporation) was applied to achieve these purposes.
AHP method for optimal parameter decision
Based on the idea of AHP method, the pollutant concentrations (the quantitative information) of the water outlet were converted into the scores (from 0 to 100, see Table 2 ) and the pair of SLR, HRT (qualitative information) were calculated to determine the weights (from 1 to 100, see Table 3  and Table 4 ), then both quantitative and qualitative information were combined to find the highest score which accounted for the optimal SLR and HRT of each CWST (Table 5 ). Four CWST units would provide four pairs of SLR, HRT; and the highest score of these pairs was the optimal CWST which accounted for the optimal vegetation.
3 RESULTS AND DISCUSSION.
Effect of HRT, SLR and vegetation
Effect of HRT and SLR
The usage of different SLRs, HRTs (low SLR to high SLR, short HRT to long HRT) allowed examining the effect of SLR and HRT on the treatment efficiency. The COD, TKN and TP concentrations of the leachate were affected by both SLR (P < 0.01) and HRT (P < 0.01) and there was a significant interaction between SLR and HRT to treatment efficiency according to the two-way ANOVA (P < 0.01). It is clear that the effluent concentrations of all pollutants were increased (i.e. the treatment efficiency decreased) when increasing the SLR or/and decreasing the HRT. The HRT and the leachate concentrations had a negative relationship. The means of influent concentrations were about 20000 mg/L, 200 mg/L and 100 mg/L for COD, TKN and TP respectively. After only two days of retention, the means of outlet concentrations were dropped dramatically, achieving the removal efficiency more than 80%, especially the COD removal was roughly 98%. However, the CWST units with plants had to undergo 12-day HRT to ensure the water quality of the leachate met the Vietnamese regulation QCVN 40:2011/BTNMT. From 2-day to 14-day HRT, the leachate quality was improved gradually and linearly with HRT (Fig 2) , in another way the mass reductions of these pollutants were 1881 mgCOD/m2/day (R2 = 0.88, P < 0.001), 222 mgTKN/m2/day (R2 = 0.88, P < 0.001) and 131 mgTP/m2/day (R2 = 0.95, P < 0.001) in 12 days.
There were a positive relationship and a significant correlation between the SLR and the leachate concentrations. Four SLRs from 50L to 80L of sludge have been respectively applied in the CWST units, equivalent to 37 to 64 kgTS/m2/yr with 14-day HRT. While the SLR increased 20% after each batch (i.e. 80% at SLR4=80L), the average concentrations of the outlet in 14 days had been considerably affected, increasing 38.90% for COD (R2 = 0.96, P < 0.001), 12.83% for TKN (R2 = 0.99, P = 0.01) and 19.85% for TP (R2 = 0.97, P = 0.01). For the COD and TKN, with the low SLR=50L, the concentrations for these parameters met the QCVN 40:2011/BTNMT at level B after only 5-day HRT. However, with the high SLR=80L, the CWST units needed 9 days of retention to achieve level B (Fig 2) . Moreover, the concentration of TP cannot meet the level A of this regulation even after 14-day HRT with the highest SLR (64 kgTS/m2/yr). This is consistent with previous studies, most of the authentic experience for SLR choice was general 50 and maximum at 60 kgTS/m2/yr [6, 10] . The SLR 64 kgTS/m2/yr in this study can be the limit SLR, because a load of 70 kgTS/m2/yr can block oxygen diffusion [11] .
Effect of vegetation
The paired t-test showed that the treatment performance between the unplanted unit CWST1 and the planted units CWST2, CWST3 and CWST4 (with the same SLR and HRTs) was significant differences (P < 0.001). The Fig 3 also showed that the output concentrations of the unplanted CWST unit was always higher than the planted CWST units and it also could not meet the Vietnamese regulation QCVN 40:2011/BTNMT after 14 days of retention while the planted CWSTs needed only 7 days. The presence of P. australis or T. angustifolia improved the treatment efficiency by about 57%, 70% and 80% for COD, TKN, TP comparing to unplanted CWST. Concerning the removal efficiency of organic matter, CWST unit planted with both P. australis and T. angustifolia gave the better performance than the CWST units with an individual plant. The CWST unit for the highest TKN removal was not the mixture plants but the T. angustifolia. It is interesting that the P. australis (CWST3) was the vegetation having the best TP removal efficiency from the day of 7 to 14 of retention (Fig 3) . Although P. australis and T. angustifolia have been highly evaluated in the treatment efficiency by many researchers [4, 6, 10] , the combination of both species has not been evaluated. In this study, the combination of both plants into a CWST could reduce the efficiency of TP or TKN treatment, since each plant gave a different ability to treat different pollutants. However, the treatment efficiency of the mixture plant CWST will be neutralized. Therefore, depending on the regulation of the effluent quality of each region or country, the plant selection will be modified for the regulation appropriation. 
Recommendation of optimal parameters
The highest score of AHP result belonged to CWST3 (Phragmites australis) with 14-day HRT and 60L of SLR (Table 6 ), equivalent to 44 kgTS/m2/yr, 48.67 kgCOD/m2/yr, 0.49 kgTKN/m2/yr, 0.24 kgTP/m2/yr. The outlet concentrations of COD, TKN and TP when applying the optimal parameters were respectively 22.73, 9.68 and 1.77 mg/L, they all meet the Vietnamese National Technical Regulation on Industrial Wastewater. In another way, the CWST applied with the optimal parameters could reduce 99.89% COD, 95.16% TKN and 98.23% TP. Table  6 . also showed that the unplanted CWST (CWST1) were not met any regulation for COD, TKN and TP as its highest scores were 0. Besides that, APH results recommended that the HRT should be longer than 5 days because from 2-day to 5-day HRT, most of the scores were 0 (i.e. the outlet quality did not meet the regulation).
CONCLUSIONS.
Four pilot-scale CWSTs were operated with different four SLRs and HRTs from 2 days to 14 days and different vegetation, which provided whether SLR, HRT and vegetation significantly affected to the treatment efficiency. The results showed that the leachate quality was affected significantly and linearly with HRT and SLR (P < 0.01, R2 > 0.8). While HRT had a positive relationship with leachate quality, the SLR was a negative relationship. If the loading increased 20%, the average concentrations of the outlet in 14 days could increase from 19.85% to 38.90% for COD, TKN and TP. After 2-day HRT, the pollutants could reduce more than 80% and in the rest of 12 days, the concentrations of the outlet could daily decrease 1881 mgCOD/m2/day, 222 mgTKN/m2/day and 131 mgTP/m2/day. Furthermore, the presence of vegetation (Typha latifolia and Phragmites australis) could improve the treatment efficiency from 57% to 80%.
In addition, AHP is an effective method to determine the optimal design and operation parameters of CWST. The results showed that the CWST planted with Phragmites australis and operated with the loading 44 kgTS/m2/yr, 48.67 kgCOD/m2/yr, 0.49 kgTKN/m2/yr, 0.24 kgTP/m2/yr in 14-day HRT were the optimal choices for Vietnamese conditions and regulation. 
